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Abstract The rheology of solidifying high-density poly-
ethylene (HDPE) is investigated. Experiments on an
HDPE were performed with a novel RheoDSC device.
Results agree quantitatively with simulations for a sus-
pension of elastic spheres in a viscoelastic matrix except
for very low values of space filling (<5%), indicating
that the rheological behavior of the crystallizing melt in
the frequency range investigated is purely suspension
like. The hardening behavior of the material is charac-
terized in two different ways; a normalized rheological
function and a time-hardening superposition (THS)
master curve of rheological properties. An improve-
ment is proposed to the procedure for performing THS
that was previously used in the literature. Based on this
procedure, a novel method for predicting the rheologi-
cal properties of crystallizing melts is presented.
Keywords Polymer crystallization · Polyethylene ·
Rheology · Suspension models
Introduction
Detailed knowledge of the change in rheology of semi-
crystalline polymers during solidification is of vital im-
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portance for the modeling of processes such as injection
molding, fiber spinning, electrospinning, etc. because
the rheological properties, flow field, and crystalliza-
tion kinetics are all intimately coupled (Custódio et al.
2009; Steenbakkers and Peters 2010). A vast amount
of experiments investigating the change of rheological
properties can be found in the literature, cf. Acierno
and Grizzuti (2003), Boutahar et al. (1998), Han and
Wang (1997), Lamberti et al. (2007), Pantani et al.
(2001), Pogodina and Winter (1998), and Titomanlio
et al. (1997). To quantify the hardening behavior of the




|η∗(ξ = 0)| (1)
where  is the hardening function, ξ space filling or rel-
ative crystallinity, and η∗ the complex viscosity. Among
the experimental data gathered, little agreement is
found between studies, as shown by Lamberti et al.
(2007). This is largely because the experimental pro-
cedure commonly used to obtain the hardening curve
is prone to experimental errors: rheological proper-
ties and space filling (both as a function of time) are
separately measured in a rheometer (usually with less
precise temperature control) and a differential scan-
ning calorimetry (DSC) apparatus, respectively. Time–
viscosity and time–space filling data are then combined
to obtain a hardening curve. A slight difference in
behavior in the two experiments might result in a large
error in the hardening function. For instance, Steen-
bakkers and Peters (2008) found the experiments from
Boutahar et al. (1996, 1998) showed suspension-like
behavior but in order to get quantitative agreement
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between experiments and simulations, the space filling
obtained from DSC measurements had to be adjusted
significantly.
An improvement on this cumbersome method was
proposed by Lamberti et al. (2007). They developed a
technique that eliminates the need for obtaining space
filling and rheological properties at exactly the same
temperature. However, experiments were still carried
out in two different devices. More recently, the group
in Leuven developed a novel apparatus that combines
DSC and rheometry: the RheoDSC device (Janssens
et al. 2009, 2010; Kiewiet et al. 2008). With this device,
rheological and thermal signals can be obtained simul-
taneously on the same sample and hence both types of
experiments are conducted under identical conditions.
Lamberti et al. (2007) studied a novel method to
describe the viscosity increase in solidifying polymers.
They found that, similar to a time–temperature master
curve in time–temperature superposition (TTS), a time-
hardening master curve can be constructed. An empir-
ical relation for the space filling shift factor was pro-
posed. Custódio et al. (2009) implemented this method
of predicting viscosity as a function of space filling in
their code for the simulation of shear flow in a multi-
pass rheometer.
A large number of analytical models for the harden-
ing function of suspensions have been developed (Ball
and Richmond 1980; Batchelor 1977; Einstein 1906,
1911; Frankel and Acrivos 1967; Graham 1981; Katoaka
et al. 1978; Kitano et al. 1981; Krieger and Dougherty
1959; Mooney 1951). However, many of these mod-
els are not applicable to crystallizing polymer melts.
Empirical models can also be found in abundance in
literature (Boutahar et al. 1998; Doufas et al. 2000;
Han and Wang 1997; Hieber 2002; Katayama and
Yoon 1985; Khanna 1993; Shimizu et al. 1985; Tanner
2003; Titomanlio et al. 1997; Yarin 1992; Ziabicki 1988;
Zuidema et al. 2001), but there is little agreement
between these models. Thus, there is need for a model
that is able to accurately describe rheological properties
of semi-crystalline polymers during solidification.
Steenbakkers and Peters (2008) reviewed a number
of suspension-based models and found that the gen-
eralized self-consistent method (GSCM) developed by
Christensen (1990); Christensen and Lo (1979, 1986)
describes accurately the rheology of crystallizing iso-
tactic polypropylene (iPP). However, the GSCM is
not applicable to the low frequency range, where gel-
like behavior instead of suspension-like behavior is
observed (Pogodina and Winter 1998; Pogodina et al.
1999a, b; Winter and Mours 1997). An extension of
the GSCM, including percolation (Alberola and Mele
1996), did not solve this problem.
The goal of this study is to investigate the applicabil-
ity of the generalized self-consistent method to predict-
ing the hardening curve and space filling shift factors of
a material. To this end, data from experiments in the
novel RheoDSC device on high-density polyethylene
(HDPE) will be used for validation purposes. The ex-
perimental results and time-hardening superposition of
these results are presented in the “Experiments” sec-
tion. The “Simulations” section shows the comparison
between simulations with the GSCM and the experi-
mental results.
Experiments
A crystallizing HDPE was analyzed in the prototype
RheoDSC device. This instrument was constructed
starting from two stand-alone commercial instruments:
a Q2000 Tzero™DSC (TA Instruments) and an AR-
G2 rheometer (TA Instruments). The DSC apparatus
uses the Tzero™technology, which is important for the
correction of the thermal resistances and capacitances
of the various heat flow paths in the cell caused by the
modification of the calorimetric cell environment. The
AR-G2 rheometer is a sensitive instrument opening the
range of ultra-low torques, which is of importance as
the diameter of the measurement geometry is chosen to
be of comparable dimension as the DSC sensor (5 mm).
For more details the reader is referred to Kiewiet
et al. (2008). Both the rheology and thermal signals
of the RheoDSC device have been validated, as re-
ported by Janssens et al. (2009, 2010) and Kiewiet et al.
(2008).
Experiments were performed at 124◦C at five os-
cillatory frequencies. Results for the complex viscos-
ity, modulus and phase angle are presented in Fig. 1.
Different symbols indicate the increasing space filling.
The experiments show a large difference in rheology
between the experiments with zero and just six percent
relative crystallinity, much larger than what would be
caused by a suspension of spherulites with this amount
of space filling. The effect is accounted for by extrap-
olating the data for the crystallizing melt to obtain
adjusted values for the rheology of the melt, as will be
explained in the “Early stage of crystallization” section.
The modulus for the fully crystallized material (ξ = 1)
is also obtained by extrapolation. Values are shown in
Table 1.
Hardening function
Figure 2 shows the hardening function, calculated using
a NRF based on the magnitude of the complex viscosity
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Fig. 1 Measurements of the magnitude of the complex viscosity (a), phase angle (b), storage modulus (c), and loss modulus (d)
versus space filling for the five frequencies investigated.
The NRF is given by
(ξ, ω) = |η
∗(ξ, ω)|
|η∗(ξ = 0, ω)| . (2)
The hardening curve is similar in shape to what
was observed in the literature (Janssens et al. 2010;
Lamberti et al. 2007), taking larger values for lower
frequencies throughout the range of space filling. It is
Table 1 Storage and loss moduli for the melt, G∗0 , and for the
fully crystallized material, G∗1
ω G′0 G′1 G′′0 G′′1
[rad/s] [MPa] [MPa] [MPa] [MPa]
1.00 0.084 2.29 0.062 0.692
3.16 0.142 2.78 0.087 0.757
10.0 0.223 3.36 0.121 0.786
31.6 0.324 3.90 0.132 0.760
100 0.432 4.42 0.148 0.734
Fig. 2 Hardening curves calculated using Eq. 2 for five
frequencies
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Fig. 3 Master curve of |η∗| shifted on the viscosity (a) and corresponding shift factors (b). The solid line shows a fit with the empirical
relation from Lamberti et al. with parameters α1 = 5.19 and α2 = 1.20
emphasized that in accordance with Lamberti et al.
(2007) and Janssens et al. (2010), little change in
rheology is observed for space filling below 10%,
whereas other authors have reported order of magni-
tude changes for ξ < 10% (Acierno and Grizzuti 2003;
Titomanlio et al. 1997).
Time-hardening superposition
Lamberti et al. (2007) found that in a frequency-
viscosity plot, measurements for crystallizing iPP with
different space fillings can be shifted to a single master
curve, analogous to a TTS master curve. This was done
by shifting the relaxation times of the material with aξ ,
so that the shifted frequency and viscosity become
ωmaster = ω ∗ aξ (ξ) (3)
ηmaster = η/aξ (ξ) (4)
Lamberti et al. also found that the shift factor aξ was
reasonably well described by the empirical relation
log10 aξ = α1ξα2 (5)
where α1 and α2 are fitting parameters.
Viscosity data from the present experiments were
shifted in the same way. The resulting master curve is
shown in Fig. 3a. The curve for ξ = 0 corresponds to
the values given in Table 1. Shift factor versus space
filling is shown in Fig. 3b. The empirical relation from
Lamberti et al. is depicted with the solid line. We
observe that Lamberti’s empirical relation is able to
capture our data quite well with parameters α1 = 5.19,
α2 = 1.20. Lamberti studied two grades of iPP and
found α1 = 3.875, α2 = 1.236 for one of the grades and
α1 = 12.073, α2 = 3.166 for the other.
Actually, the procedure that Lamberti et al. used to
obtain a master curve differs from the way in which TTS
is conventionally conducted. In TTS the shift factor for
the relaxation times of the material aξ is obtained by
shifting the phase angle and subsequently the master
curve for the viscosity would be obtained by applying
the shift factor for relaxation times, and an additional
vertical shift factor b ξ ;
ηmaster = b ξ (ξ) ∗ η/aξ (ξ) (6)
Fig. 4 Master curve for the measured phase angle with shift
factors obtained from the one-step shifting procedure
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Fig. 5 Master curves for the measurements of the phase angle (a) and magnitude of the complex viscosity (b). Data shifted using the
two-step procedure
If the vertical shift factor b ξ is of order 1, which is
usually the case in TTS, the difference between the
one-step procedure that Lamberti et al. used and the
conventional two-step shifting procedure is small. How-
ever, if we apply Lamberti’s procedure, i.e., obtain-
ing aξ through shifting the complex viscosity, to our
measurements, we observe that the phase angle curves
shifted with this aξ do not form a single master curve.
This is shown in Fig. 4. This means that although this
procedure could be used to calculate viscosity as a
function of space filling, aξ does not shift the relaxation
times of the material. Therefore, the viscosity master
curve constructed in this way (Fig. 3a), with its promis-
ing range of eight decades, has no physical meaning.
Consequently, this master curve can not be used to
obtain the complex viscosity of the pure melt at very
high frequency by measuring the complex viscosity of
the partly crystallized material at a lower frequency.
For this reason, we propose to use the two-step
procedure commonly used in TTS. The result of this
procedure is shown in Fig. 5. Contrary to the one-step
procedure, this yields a smooth master curve for the
phase angle, indicating that the shift factor aξ obtained
in this way is the correct shift factor for the relaxation
Fig. 6 Horizontal shift factor aξ , symbols are values to shift the
measurements, line is the empirical fit from Lamberti et al. with
parameters α1 = 2.08, α2 = 2.56 (a). Vertical shift factor b ξ (ξ),
symbols are values to shift the measurements, line shows a fit of
the form log10(b ξ ) = β1ξ2 − β2ξ with β1 = 0.22, β2 = 1.01 (b)
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Table 2 Space filling shift
factors
ξ aξ aξ b ξ b ξ
(experimental) (simulations) (experiments) (simulations)
0 1.00 1.00 1.00 1.00
0.063 1.05 1.01 0.89 0.88
0.21 1.56 1.19 0.60 0.65
0.42 3.03 2.17 0.41 0.42
0.50 3.45 2.97 0.35 0.35
0.64 6.81 6.35 0.28 0.28
0.83 19.4 15.7 0.23 0.21
0.95 53.2 32.3 0.19 0.18
0.99 194.4 75.3 0.19 0.17
times of the material. Compare Figs. 4 and 5a. For
the complex viscosity we also obtain a smooth master
curve. Again the measurements with ξ = 0 correspond
to the values in Table 1. Unfortunately, the frequency
range that the master curves span is reduced to four
decades. The shift factors that were used to construct
these master curves are given in Fig. 6 and Table 2.
Although the procedure for constructing a master curve
is different, the empirical fit by Lamberti et al. is still
able to describe the data for the timescale shift factor.
The values for vertical shift factor b ξ can be described
by
log10 b ξ = β1ξ 2 − β2ξ. (7)
We observe that the phase angle measurements for
the lowest frequency (ω = 1 rad/s) slightly deviate
from the master curve, see Fig. 5a. This indicates that
time-hardening superposition (THS) might not give
a good representation at lower oscillatory frequen-
cies. We come back to this, and to our interpreta-
tion of the meaning of the parameters aξ and b ξ ,
in “Time-hardening superposition with the GSCM”
section.
Simulations
The generalized self-consistent method
The crystallizing melt is modeled as a suspension of
spherical soft particles (the spherulites) in a viscoelastic
matrix (the amorphous melt). The properties of such a
system can be calculated using the three-dimensional
(3D) GSCM, which was developed to describe the
rheological properties of a suspension of spherical soft
particles in an elastic medium. The basic problem of
the 3D GSCM is shown in Fig. 7. The suspension is
represented by a unit cell consisting of a particle with
properties of the dispersed phase and a surrounding
matrix shell with properties of the matrix phase. Their
radii are a and b , respectively. The volume fraction of






The unit cell is suspended in an infinitely extending
medium, which has the (unknown) effective properties
of the suspension. The solution of the three phase
problem yields the effective properties of the composite
medium of an isotropic matrix phase into which is
embedded the isotropic inclusion phase. The result for
the effective medium problem of Fig. 7 is given by the
solution of the quadratic equation (Christensen and Lo
1979, 1986)
Af 2G + BfG + C = 0 (9)
where fG is the relative modulus,







Fig. 7 Generalized self-consistent method, after Fig. 1 in
Christensen (1990)
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with G the modulus of the suspension and G0 the
modulus of the matrix. The coefficients A, B and C
depend on space filling ξ , the Poisson’s ratios of the
matrix and dispersed phase, ν0 and ν1, respectively, and
the ratio between the moduli of the dispersed phase and
the matrix, μ = G1/G0. Expressions for the coefficients
A, B and C are given in the Appendix. Steenbakkers
and Peters (2008) applied the GSCM, derived for elas-
tic materials, to viscoelastic materials by utilizing the
correspondence principle Hashin (1965, 1970a, b). In





and so is the modulus ratio μ∗ = G∗1/G∗0. The relative
modulus can be calculated from
A∗ f ∗G
2 + B∗ f ∗G + C∗ = 0 (12)
where the complex coefficients A∗, B∗ and C∗ follow
from A, B and C when μ is replaced by μ∗. The
absolute value of the complex relative modulus, | f ∗G|,
is equal to the NRF as defined in Eq. 2.
The 3D GSCM was developed for systems with purely
spherical dispersed particles. Growing spherulites will
impinge at some point and as a result the dispersed
particles in this system will not be purely spherical at
high volume fractions (above ∼70 %). Previous studies
do show a discrepancy between the GSCM and rheol-
ogy experiments at very high volume fractions (∼98%)
(Housmans et al. 2009; Steenbakkers and Peters 2008).
However, below this value there seems to be no notice-
able effect of impingement on the hardening behavior.
In this study, we examine only quiescent crystal-
lization, with crystalline structures that are spheri-
cal (before impingement). Flow-induced crystallization
may yield oriented cylindrical crystalline structures.
Steenbakkers and Peters (2008) found that these have
qualitatively similar hardening behavior but were not
able to quantitatively capture the behavior using a 2D
suspension model. More research on this will be done
in future work.
Early stage of crystallization
We observe that the change in material properties from
0% to 6% space filling is much larger than would be
expected from a suspension. This is illustrated in Fig. 8,
where we show measurements and simulations for the
storage and loss moduli versus space filling for ω = 1
rad/s. Figure 8a shows simulations where we have taken
the modulus of the pure melt G∗0 as the measured
modulus of the material with no space filling. The simu-
lations consistently underpredict the measured moduli.
The discrepancy can be resolved by extrapolating G∗0
from the data for the crystallizing melt. This was done
for the simulations shown in Fig. 8b. With this value for
G∗0 the simulations and experiments show quantitative
agreement for the full range of space filling.
Fig. 8 Comparison of the storage modulus (open symbols, mea-
surements and solid line, predictions from suspension model)
and loss modulus (closed symbols, measurements and dashed
line, predictions from suspension model) versus space filling at
ω = 1 rad/s. a shows simulation results with G∗0 as the measured
modulus of the material with no space filling, b shows simulation
results with G∗0 extrapolated from data for the crystallizing melt
(shown in Table 1)
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In our view, this indicates that between 0% and
6% space filling a process has taken place that has
altered the melt in a way that can not be described
by suspension-like behavior. Something very similar is
observed in the data from Carrot et al. (1993), who
show the evolution of storage and loss modulus for a
crystallizing HDPE melt under isothermal conditions
at different temperatures. A strong and very steep
increase in modulus is seen soon after the onset of
crystallization (∼ 200 seconds). After this, the modu-
lus increases gradually until crystallization is complete
(103–104 s, depending on the temperature). Carrot et al.
(1993) did not comment on the phenomenon.
Perhaps a network of physical crosslinks is formed
(Boutahar et al. 1996, 1998; Coppola et al. 2006; Peters
et al. 2002; Pogodina et al. 1999a; Zuidema et al. 2001).
Subsequently, spherulites grow in this altered melt, the
effect of which is well described by suspension-like
behavior. What exactly happens during the early stages
of crystallization remains a lively research topic. For
now, we deal with the phenomenon by adjusting the
values for the moduli of the melt as described above.
Results that are presented in this study are obtained
with the adjusted value for the rheology of the melt.
Comparison with experiments
Figure 9 shows the experimental quantities depicted in
Fig. 1 and the results for simulations with the GSCM
for the same conditions. Quantitative agreements are
observed for the storage and loss modulus and for
the magnitude of the complex viscosity (for ξ = 0, as
explained above). For 0.063 < ξ < 0.64 the GSCM is
less accurate in predicting the phase angle, however
agreement is still qualitative.
Fig. 9 Open symbols, measurements of the magnitude of the complex viscosity (a), phase angle (b), storage modulus (c), and loss
modulus (d). Closed symbols and solid lines show simulations
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Fig. 10 Hardening curves for five frequencies. Open symbols
show measurements and closed symbols show simulations
Hardening function
Figure 10 shows the hardening curve for the material,
both from experiments and simulations. We observe
quantitative agreement, the hardening function of this
material is very well described by suspension-like be-
havior.
Time-hardening superposition with the GSCM
The master curves for phase angle and viscosity ob-
tained using the two-step procedure are shown in
Fig. 11. The corresponding shift factors are given in
Fig. 12 and Table 2. We observe a good agreement; the
3D GSCM model can be used to calculate aξ as well
as b ξ .
For the lowest frequency measurements and simu-
lations slightly deviate from the phase angle master
curve. Because this is observed both for measurements
and simulations we cannot attribute this to gel-like
behavior, as the simulations capture only suspension-
like behavior. This means that for lower frequencies,
THS might be less accurate.
In their review of the applicability of suspension
models to polymer crystallization, Steenbakkers and
Peters (2008) proposed a phenomenological model for
hardening behavior. Suppose a relaxation spectrum
(Gi, λi) with M modes is known for the melt so that

















Now, if the number of modes is the same for both the
liquid and solid phase, the moduli and relaxation times
of the solid phase can be expressed in terms of the
moduli and relaxation times of the matrix as
Gi(ξ) = kG,i(ξ)G0,i, (15)
λi(ξ) = kλ,i(ξ)λ0,i. (16)
Fig. 11 Master curves of the phase angle (a) and the viscosity (b). Symbols show measurements and lines show simulations. Data
shifted using the two-step procedure
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Fig. 12 Shift factor aξ , open symbols are values to shift the mea-
surements, closed symbols are the shift factors from the master
curve from simulations, and line is the empirical fit from Lamberti
et al. with parameters α1 = 2.08, α2 = 2.56 (a). Vertical shift
factor b ξ , open symbols are values to shift the measurements,
closed symbols are the shift factors from the master curve from
simulations, and line shows a fit of the form log10(b ξ ) = β1ξ2 −
β2ξ with β1 = 0.22, β2 = 1.01 (b)
with 1 ≤ kG,i ≤ G1,i/G0,i and 1 ≤ λG,i ≤ λ1,i/λ0,i. Stor-
age and loss moduli as a function of frequency and
















Steenbakkers and Peters did not derive expressions for
kG and kλ. The results obtained here, i.e., the fact that a
time-hardening master curve can be constructed, imply
that for both kλ and kG, a single value suffices for
all modes, and that the storage and loss moduli as a
function of space filling can be calculated using















with kλ = aξ and kG = 1/b ξ .
Fig. 13 Schematic depiction of calculating storage modulus with THS (a) and f ∗G (b)
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Table 3 Expressions for the






⎭ = c1 (μ − 1) η1ξ
(10/3) + c2 [63 (μ − 1) η2 + 2η1η3] ξ (7/3) + c3 (μ − 1) η2ξ (5/3)
+ c4 (μ − 1) η2ξ + c5η2η3
with... ... for A: ... for B: ... for C:
c1 8(4 − 5ν0) −4(1 − 5ν0) −4(7 − 5ν0)
c2 −2 4 −2
c3 252 −504 252
c4 −50(7 − 12ν0 + 8ν20 ) 150(3 − ν0)ν0 −25(7 − ν20 )
c5 4(7 − 10ν0) 3(7 − 15ν0) −(7 + 5ν0)
η1 (μ − 1) (7 − 10ν0)(7 + 5ν1) + 105(ν1 − ν0)
η2 (μ − 1) (7 + 5ν1) + 35(1 − ν1)
η3 ł
In this study, we have presented two ways to calcu-
late the rheological properties of a crystallizing material
as a function of space filling and oscillatory frequency.
Figure 13 schematically shows both, for purpose of clar-
ity. Time-hardening superposition is shown in Fig. 13a;
the two shift factors kλ and kG are independent of
frequency and shift the whole G∗(ω) curve at once.
Figure 13b shows calculation of the storage modulus via
a relative modulus f ∗G which is calculated for each ξ and
ω using the GSCM.
Conclusions
The evolution of the rheology of an HDPE during so-
lidification was analyzed. Quantitative agreement with
a suspension-based model, the 3D generalized self-
consistent method, was found. This indicates that in
the frequency range investigated, a suspension with
spherical soft particles in a viscoelastic matrix is a
good representation of an amorphous melt with grow-
ing spherulites. In the early stage of crystallization, a
phenomenon is observed that can not be explained by
suspension-like behavior. This was dealt with by using
adjusted values for the complex modulus of the melt.
THS was performed. An improvement on the proce-
dure developed in literature is proposed. The fact that
a THS master curve can be constructed means that with
a known Maxwell spectrum of the melt, the properties
of a crystallizing melt can be obtained using two shift
parameters that are mode and frequency independent
and which can be easily measured or obtained from a
suspension-based model.
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Appendix
Coefficients in the GSCM
Expressions for the coefficients A, B, and C in
the 3D generalized self-consistent model derived by
Christensen (1990), Christensen and Lo (1979, 1986)
are shown in Table 3.
Poisson’s ratios
To solve Eq. 12, the Poisson’s ratios of the continuous
and dispersed phase are required. They can be calcu-
lated using the well-known formula (Timoshenko and
Goodier 1951)
ν = 3K − 2G
2(3K + G) , (21)
where K is the bulk modulus and G is the shear modu-
lus. The bulk modulus of HDPE K ≈ 1.5 GPa (Aleman
1990). With the plateau for the storage modulus at
approximately 0.4 MPa for ξ = 0 and at approximately
6 MPa for ξ ≈ 1 (see Fig. 1), we find estimates of ν0 =
0.4999, ν1 = 0.4980.
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